It is thought that chaperones may play a role in directing effectors to the type III secretion apparatus. The ATPase FliI in the flagellar assembly apparatus plays a pivotal role in interacting with other components of the apparatus and with substrates of the flagellar system. We performed experiments to determine if there were any interactions between the effector Tir and its chaperone CesT and the type III secretion apparatus of enteropathogenic Escherichia coli (EPEC). Specifically, based on analogies with the flagella system, we examined Tir-CesT interactions with the putative ATPase EscN. We showed by affinity chromatography that EscN and Tir bind CesT specifically. Tir is not necessary for CesT and EscN interactions, and EscN binds Tir specifically without its chaperone CesT. Moreover, Tir directly binds EscN, as shown via gel overlay and enzyme-linked immunosorbent assay, and coimmunoprecipitation experiments revealed that Tir interacts with EscN inside EPEC. These data provide evidence for direct interactions between a chaperone, effector, and type III component in the pathogenic type III secretion system and suggest a model for Tir translocation whereby its chaperone, CesT, brings Tir to the type III secretion apparatus by specifically interacting with the type III ATPase EscN.
Numerous substrates of protein transport systems, ranging from the sec export pathway in bacteria to the mitochondrial import system in eukaryotic cells, interact with components of the transport machinery during transit (37, 51) . These types of interactions are anticipated for the type III secretion system (TTSS), which facilitates delivery of many bacterial effectors from the cytoplasm of gram-negative bacterial pathogens into host cells. Many protein-protein interactions have been demonstrated for the type III-related flagellar assembly apparatus, in terms of both components and substrates interacting with the flagellar assembly apparatus (6, 19, 23, 29, 42, 44, 46, 54, 61) .
The ATPase FliI in the flagellar assembly apparatus appears to play a pivotal role in interacting with other components of the apparatus and substrates of the system. FliI is required for the export of flagellin and other export substrates (41, 54) . The substrates of the flagellar assembly apparatus, such as flagellin and other filament-type substrates, interact with both cytosolic components (ATPase FliI, FliH, and FliJ) and membranebound components (FlhA and FlhB) of the apparatus (44, 54, 61) . FliI is present in the cytoplasm and in association with the inner membrane in Caulobacter crescentus and Salmonella enterica serovar Typhimurium (4, 55) . The ATPase activity of S. enterica serovar Typhimurium FliI, localized to the carboxy terminus, is required for flagellar assembly (16, 41) . FliI also interacts with a number of components of the flagellar export apparatus and its substrates through its amino terminus (4, 43, 44, 54) . FliI interacts not only with substrates of the flagellar assembly apparatus but also with at least one putative chaperone for both hook and filament-type proteins in S. enterica serovar Typhimurium, FliJ (40, 41, 44) , suggesting that the ATPase could be the first step in directly facilitating transfer of substrate proteins. Several other flagellar system chaperones have been identified, and they share similarities to TTSS chaperones (reviewed in reference 5). Both are small acidic proteins that bind as homodimers to export substrates, although the type III and flagellar chaperones bind different regions of their substrates.
While few interactions have been demonstrated between effectors and components of the TTSS, demonstrated interactions between type III effectors and their cognate chaperones are plentiful (reviewed in references 3 and 50) . While the exact function of type III chaperones is still an area of investigation, many roles have been attributed and proposed for chaperones, including transcriptional regulation (13, 38, 60) ; prevention of degradation, or a bodyguard function (39) ; prevention of premature association (39, 49) ; maintenance of effectors in a secretion-competent conformation (18) ; escort to the type III apparatus (9) ; and initiation of secretion and determination of the hierarchy of translocation (7, 9, 32, 33) . However, the exact role or roles remain to be determined, and it is possible that a single chaperone has multiple functions in the bacteria and in type III secretion. A considerable and pressing issue in the TTSS field is how chaperones and effectors dock and interact with the type III apparatus.
Enteropathogenic Escherichia coli (EPEC) is a human pathogen responsible for outbreaks of diarrhea in both developing and developed countries (47) . During infections, EPEC adheres to intestinal epithelial cells and forms actin-rich pedestals through the binding of the outer membrane protein intimin to its receptor in the host. Using a type III secretion apparatus, EPEC inserts a receptor for intimin, Tir (translocated intimin receptor), into the host cell membrane, where it becomes tyrosine phosphorylated (14, 27 ). An earlier observation in enterohemorrhagic E. coli found that the EscD homologue Pas, which is thought to be an inner membrane component of the type III apparatus, bound the type III effector Tir in an overlay experiment (30) , although there have been no subsequent reports.
CesT is Tir's chaperone. A cesT mutant has significantly reduced levels of Tir in the bacterium and in secreted form and is unable to induce pedestal formation in host cells, but the mutation does not affect the secretion of other EPEC secreted proteins (1, 15) . The CesT binding domain is located within the first 100 amino-terminal residues of Tir. Tir can still bind intimin in the presence of CesT, suggesting that Tir is not globally unfolded in the presence of its chaperone (34) . CesT was localized to the cytoplasm of EPEC but was not in the membrane or supernatant fractions (15) , lending support to the hypothesis that CesT acts inside the bacterium to protect Tir. Interestingly, CesT is important for Tir stability in EPEC, but not when expressed in Yersinia, although it is required for efficient Tir secretion and translocation in both systems (26, 28) . This leads to the hypothesis that CesT may play a role in directing Tir to the type III secretion apparatus.
The EPEC TTSS ATPase FliI homologue is EscN. We have shown that EscN is essential for Tir delivery into host cells and for pedestal formation (21) . The purpose of this study was to investigate the initial interactions that occur between substrates of the TTSS and the type III apparatus. We examined interactions between Tir and its chaperone CesT and EPEC's type III apparatus, specifically the ATPase EscN.
MATERIALS AND METHODS
Bacterial strains. EPEC strains (Table 1) were grown in Luria-Bertani (LB) broth supplemented with appropriate antibiotics as standing overnight cultures at 37°C. E. coli strains were grown in LB broth supplemented with appropriate antibiotics as shaking overnight cultures at 37°C.
EPEC lysate for affinity chromatography. EPEC from overnight standing cultures was subcultured 1/50 in 200 ml of minimal essential medium for 3 h at 37°C in 5% CO 2 . The culture was harvested, washed in phosphate-buffered saline (PBS), resuspended in 1.5 ml of sonication buffer (10 mM Tris-HCl [pH 7], 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin per ml, 1 M pepstatin, 10 g of aprotinin per ml), and sonicated three times for 15 s each (amplitude 2.5) (Fisher Sonicator). Unbroken bacteria were removed by centrifugation (16,000 ϫ g for 2 min), and supernatant (EPEC lysate) was stored frozen at Ϫ80°C. The protein content of EPEC lysates was determined by use of the bicinchoninic acid protein assay (Sigma).
Protein purification. BL21 bacteria containing the pET28a vector (for His-tag protein purification; Novagen) carrying the gene for CesT, Tir, or Int-282 were grown with shaking overnight at 37°C in LB supplemented with kanamycin (50 g/ml). The bacteria were subcultured 1/100 in 250 ml of LB-kanamycin and grown to an optical density at 600 nm of 0.6 to 0.7. One millimolar isopropyl-␤-D-thiogalactopyranoside (IPTG; Rose Scientific) (final concentration) was added to induce protein expression, and the bacteria were grown for 3 h. The culture was harvested by centrifugation (6,000 ϫ g, 10 min, 4°C), and the pellet was resuspended in 5 ml of sonication buffer (100 mM sodium phosphate, 100 mM sodium chloride, pH 8) and frozen at Ϫ80°C. The culture was thawed and sonicated three times for 20 s each (amplitude 4) (Fisher Sonicator), and the unbroken bacteria and insoluble material were pelleted (16,000 ϫ g, 5 min, 4°C). The supernatant (2.5 ml) was added to 0.5 ml of packed preequilibrated Ninitrilotriacetic acid (NTA) agarose (Qiagen) and was incubated for 1 h at 4°C, with rotation. The slurry was then poured into a disposable Poly-Prep chromatography column (Bio-Rad) (0.8 by 4 cm) and washed five times with 8 column volumes of wash buffer (100 mM sodium phosphate, 100 mM sodium chloride [pH 8], 10 mM imidazole). The His-tagged proteins were eluted with increasing concentrations of imidazole (Sigma) (50, 100, 200 , and 300 mM in sonication buffer) in 1-column-volume fractions.
Denatured conditions. BL21/pET28a-His-EscN was cultured and harvested as described above. The bacterial pellet was frozen at Ϫ80°C, thawed on ice, and then resuspended in 5 ml of sonication buffer with 8 M urea (Sigma). The culture was sonicated three times for 20 s each (amplitude 4) (Fisher Sonicator) and left on ice for 1 h to solubilize. The unbroken bacteria and insoluble material were pelleted (16,000 ϫ g, 5 min, 4°C). All subsequent steps were performed as described above, with 8 M urea in all buffers.
Affinity chromatography. BL21 bacteria were cultured, harvested, frozen, and sonicated as described above. The supernatant (2.5 ml) was added to 0.5 ml of packed preequilibrated Ni-NTA agarose (Qiagen) and incubated for 1 h at 4°C, with rotation. The slurry was washed three times with 8 column volumes of wash buffer and one time with 8 column volumes of 1% Triton X-100 in sonication buffer. The slurry was incubated with EPEC lysate (1 mg) for 1 h at 4°C, with rotation. The slurry was then poured into a disposable Poly-Prep chromatography column (Bio-Rad) (0.8 by 4 cm) and washed three times with 8 column volumes of 1% Triton X-100 in sonication buffer and two times with 8 column volumes of wash buffer. The His-tagged proteins were eluted with increasing concentrations of imidazole (Sigma) (50, 100, 200, and 300 mM in sonication buffer) in 1-column-volume fractions. Samples (10 l) were analyzed by SDS-PAGE followed by Coomassie G-250 (Sigma) or Sypro Ruby (Bio-Rad) staining. Gel overlay. Purified Int282, CesT, EscN, and bovine serum albumin (BSA) were prepared in SDS sample buffer with ␤-mercaptoethanol, boiled for 5 min, resolved by SDS-PAGE (12% gel) at a concentration of 2.5 g/well, and transferred to an Immobilon-P membrane (Millipore) (polyvinylidene difluoride membrane; pore size, 0.45 m). Blots were washed three times for 20 min each in 20% isopropanol with 50 mM Tris, pH 8.0, and then three times for 20 min each in Tris, pH 8.0. The proteins were then denatured by incubation two times for 30 min each in 6 M guanidine-HCl with 50 mM Tris, pH 8.0, and then extensively washed in wash buffer (0.05% Tween 20, Tris [pH 8.0]) for Ͼ18 h, with numerous changes of the wash buffer. Blots were then blocked for 1 h at room temperature in 5% skim milk in TBST (Tris-buffered saline with 0.1% Tween 20) and were overlaid with 200 g of purified Tir in 1% skim milk in TBST. Blots were washed six times for 5 min each in TBST and then probed for Tir by using Tir monoclonal antibody 2A5 (diluted 1/1,000 in 1% skim milk in TBST and preabsorbed against fixed EPEC) for 1 h at room temperature. Blots were again washed and probed with goat anti-mouse horseradish peroxidaseconjugated secondary antibody (diluted 1/5,000 in 1% milk in TBST) for 1 h at room temperature, followed by detection with ECL reagent (Amersham).
Immunoprecipitation. EPEC from overnight standing cultures was subcultured 1/50 in 10 ml of minimal essential medium for 3 h at 37°C in 5% CO 2 . The culture was harvested, washed in PBS, divided into two parts, and pelleted (6,000 ϫ g, 5 min). The bacteria were resuspended in 1 ml of lysis buffer (1% Triton X-100, 10 mM Tris-HCl [pH 7], 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin per ml, 1 M pepstatin, 10 g of aprotinin per ml). Bacteria were sonicated three times for 15 s each (amplitude 2.5) (Fisher Sonicator). Unbroken bacteria were removed by centrifugation (16,000 ϫ g for 2 min). The supernatant was incubated for 2 hours at 4°C with 2 l of Tir monoclonal antibody clone 2A8 (5 mg/ml). BSA-blocked protein G-Sepharose beads (25 l packed) (Amersham Pharmacia Biotech) were added to the supernatant-antibody mix and incubated overnight at 4°C. Beads were pelleted by gentle centrifugation (2,000 ϫ g, 1 min). The supernatant (post-immunoprecipitation [IP]) was removed, and SDS sample buffer with ␤-mercaptoethanol was added. The beads were washed three times with 1 ml of lysis buffer, the last wash was removed with a 25-gauge needle, and the samples were resuspended in 50 l of SDS sample buffer with ␤-mercaptoethanol. Samples (15 l) were analyzed by SDS-PAGE.
Immunoblotting. Samples were subjected to SDS-PAGE and transferred to nitrocellulose (pure nitrocellulose; 0.45-m pore size) (Bio-Rad). Blots were blocked overnight at 4°C in 5% (wt/vol) skim milk-TBST and then incubated with primary antibody diluted in 1% skim milk-TBST for 1 h at room temperature. Blots were washed in TBST and then incubated in secondary antibody diluted in 1% skim milk-TBST for 1 h at room temperature followed by detection with ECL reagent (Amersham Pharmacia Biotech). Primary antibodies were mouse anti-Tir monoclonal antibody clone 2A5 (1/200) and mouse anti-herpes simplex virus (HSV) (Novagen) (1/1,000). The secondary antibody was horseradish peroxidase-conjugated goat anti-mouse antibody (Sigma) (1/5,000).
ELISA and competitive ELISA. Enzyme-linked immunosorbent assays (ELISAs) were performed as previously described (22) . In brief, Immulon-2 96-well plates (Dynatech Laboratories, Inc.) were coated with 0.5 g of Hispurified EscN, CesT, or BSA in 100 l of PBS for 1 h at 37°C, blocked for 1 h in 5% skim milk in 0.1% Tween 20-PBS, and overlaid with increasing amounts of His-purified Tir (0, 50, 100, 200, 500, 750, and 1,000 nM) for 1 h at 37°C. Tir was detected by use of mouse anti-Tir monoclonal antibody clone 2A5 (used at 1/500) and a peroxidase-conjugated goat anti-mouse secondary antibody (Sigma) (used at 1/5,000). The Immulon-2 plates were washed three times between reagent additions and five times before development. The ELISA was developed by adding 100 l of OPD solution (30 mg of o-phenylenediamine dihyrochloride [OPD] in 30 ml of 0.1 M citric acid, pH 4.5). The reaction was quenched with 100 l of 3 N sulfuric acid and read at 492 nm in a TECAN Spectra-Fluor Plus plate reader. For competitive ELISAs, Immulon-2 96-well plates were coated with 0.5 g of EscN, CesT, or BSA in 100 l of PBS for 1 h at 37°C and blocked for 1 h in 5% skim milk in 0.1% Tween 20-PBS. Wells were overlaid with 100 nM His-purified Tir and increasing concentrations of His-purified CesT (0, 50, 100, 200, 400, 800, and 1,000 nM) for 1 h at 37°C. Tir was detected as described above.
RESULTS

CesT binds both Tir and EscN.
Previous experiments have demonstrated that Tir interacts with CesT (1, 15) , and taken together with the data on the ATPase FliI in the flagellar assembly apparatus (40, 41, 44, 54) , this suggests that CesT could play a role in delivering Tir to the TTSS via the ATPase EscN. The interactions between these proteins were examined by use of affinity chromatography. His-tagged CesT was bound to a Ni-NTA column, and EPEC lysates were poured over the column, washed, and then eluted with increasing concentrations of imidazole. HSV-tagged EscN and Tir coeluted with His-tagged CesT (Fig. 1) . While EscN and Tir were in the flowthrough fractions of a Ni-NTA-only control column, they were not detected in the elution fractions (Fig. 1) . Tir and EscN-HSV were also recovered from the wash fractions (data not shown) from the Ni-NTA column alone, although they were diluted in the wash buffer to barely detectable levels. As a control to ensure that HSV-tagged (Fig. 2) . Additionally, HSVtagged EscC, EPEC outer membrane secretin, did not coelute with His-tagged Tir or His-tagged CesT (Fig. 2) . Thus, EscN and Tir bind CesT specifically, and we hypothesize that CesT can bind Tir and EscN simultaneously on an affinity column.
CesT binds EscN without Tir. To examine if Tir was necessary for CesT to interact with EscN, affinity chromatography experiments were performed on a His-tagged CesT Ni-NTA column with a ⌬tir EPEC lysate (Fig. 3) . Under these conditions, HSV-tagged EscN still coeluted with His-tagged CesT, but not with the Ni-NTA column alone, indicating that Tir is not necessary for CesT and EscN interactions.
Tir binds EscN without CesT. We next examined if Tir could interact with EscN without the presence of CesT by constructing a His-tagged Tir Ni-NTA column with a ⌬cesT EPEC lysate (thus, no CesT is present under these experimental conditions). HSV-tagged EscN coeluted with Tir, but not with Ni-NTA beads alone, indicating that EscN binds Tir specifically without its chaperone CesT (Fig. 4) .
Direct binding of Tir and EscN. The interactions observed between Tir and EscN in the affinity chromatography experiments could be due to an unknown protein in the EPEC lysate acting as a mediator. Thus, direct binding was demonstrated by performing a gel overlay experiment in which purified EscN was resolved by SDS-PAGE, transferred to Immobilon-P membranes, blocked, overlaid with purified Tir, and detected by use of anti-Tir antisera. Intimin-280 and CesT were also blotted as positive controls, and BSA was used as a negative control for Tir binding (Fig. 5) . When blots were not overlaid with Tir, the anti-Tir antibody did not cross-react with EscN, CesT, intimin-280, or BSA (data not shown). Purified Tir bound EscN, CesT, and intimin-280, but not BSA (Fig. 5, lower  panel) or the molecular weight markers (data not shown). Note that the light marks in the BSA lane in the bottom overlay panel are smaller than the molecular weight of BSA and thus are not Tir binding to BSA. Note that it appears that Tir bound intimin-280 most strongly, but conclusions cannot be made about the relative affinities of interaction in this experiment due to potential differences in how well the resolved proteins were renatured following transfer. However, these To determine if this binding was concentration dependent, an ELISA was performed. Immulon-2 plates were coated with 0.5 g of EscN, CesT (as a positive control), and BSA (as a negative control) and overlaid with increasing amounts of Hispurified Tir. Tir bound both EscN and CesT in a concentration-dependent manner, saturating at 500 nM Tir, but did not bind BSA (Fig. 6A) . A competitive ELISA was performed by overlaying coated wells with a constant amount of Tir and an increasing amount of CesT to examine if CesT affected TirEscN binding. As a control, Tir binding to CesT was examined and decreased to background levels by adding increasing amounts of soluble CesT (Fig. 6B) . Fifty percent inhibition of binding occurred at 50 nM CesT. Tir binding to EscN was also inhibited, but notably not to background levels (only 60% inhibited), by adding increasing amounts of soluble CesT (Fig.  6B ). This suggests that CesT does not completely compete out the binding of Tir and EscN. Collectively, these results emphasize that Tir can directly bind EscN in vitro in a specific manner.
Interaction of Tir and EscN inside EPEC. Tir-EscN interactions were examined inside EPEC by performing coimmunoprecipitation reactions with bacterial lysates and anti-Tir antibody. Tir was immunoprecipitated from all EPEC strains that contained Tir (Fig. 7, upper panel, IP lanes) . A small amount of EscN-HSV was coimmunoprecipitated from the EPEC strains that contained both Tir and EscN (⌬N/N-HSV and ⌬C/N-HSV), but not from the tir or escN mutant. The band just above EscN on the Western blots is the cross-reacting antibody band from the immunoprecipitation. Notably, while EscN coimmunoprecipitates with Tir, the majority of EscN-HSV remains in the postimmunoprecipitation supernatant (lane P). Coimmunoprecipitating Tir and EscN in a ⌬escC background to prevent Tir from being secreted did not increase the amount of coimmunoprecipitated EscN-HSV. Overall, this confirms the above in vitro interaction between Tir and EscN, although a significant portion of EscN was not coimmunoprecipitated under these conditions.
DISCUSSION
The energy requirements and chaperone functions in the type III secretion and translocation process are not well understood. In this study, we have demonstrated trimolecular interactions between Tir, its chaperone CesT, and the type III putative ATPase EscN. Previous work has demonstrated that CesT interacts with and stabilizes Tir inside of EPEC (1, 15) . By affinity chromatography, the present work has demonstrated not only that these three proteins interact but that the binding of CesT to EscN is not dependent on Tir and the binding of Tir to EscN is not dependent on CesT. Limitations in affinity chromatography include the potential for nonspecific binding, the excess of protein used, the interactions being indirect, and the fact that interactions are observed under in vitro conditions. To account for nonspecific binding and the An EPEC tir/pEscN-HSV lysate was prepared and applied to a His-tagged intimin-280-Ni-NTA column (column 2) or an empty Ni-NTA column (column 3). The same treatment was given to a His-tagged intimin-280-Ni-NTA column without EPEC lysate (column 1). (B) An EPEC escC/pEscC-HSV lysate was prepared and applied to a His-tagged Tir-Ni-NTA column (column 2) or an empty Ni-NTA column (column 3). The same treatment was given to a His-tagged Tir-Ni-NTA column without EPEC lysate (column 1). (C) An EPEC escC/pEscC-HSV lysate was prepared and applied to a His-tagged CesT-Ni-NTA column (column 2) or an empty Ni-NTA column (column 3). The same treatment was given to a His-tagged CesT-Ni-NTA column without EPEC lysate (column 1). The flowthrough was collected, and the columns were washed and proteins were eluted with increasing concentrations of imidazole. Samples were resolved by SDS-PAGE (12% gel), and proteins were detected with Coomassie G-250 (top) or transferred to nitrocellulose membranes and probed with anti-HSV antiserum (bottom).
FIG. 3. CesT binds EscN without
Tir. An EPEC tir/pEscN-HSV lysate was prepared and applied to a His-tagged CesT-Ni-NTA column (column 2) or an empty Ni-NTA column (column 3). The flowthrough was collected, and the columns were washed and proteins were eluted with increasing concentrations of imidazole. The same treatment was given to a His-tagged CesT-Ni-NTA column without EPEC lysate (column 1). The columns were washed, and proteins were eluted with increasing concentrations of imidazole. Samples were resolved by SDS-PAGE (12% gel), and proteins were detected with Coomassie G-250 (top), or transferred to nitrocellulose membranes and probed with anti-HSV antiserum (bottom).
FIG. 4. Tir binds EscN without
CesT. An EPEC cesT/pEscN-HSV lysate was prepared and applied to a His-tagged Tir-Ni-NTA column (column 2) or an empty Ni-NTA column (column 3). The flowthrough was collected, and the columns were washed and proteins were eluted with increasing concentrations of imidazole. The same treatment was given to a His-tagged Tir-Ni-NTA column without EPEC lysate (column 1). The columns were washed, and proteins were eluted with increasing concentrations of imidazole. Samples were resolved by SDS-PAGE (12% gel), and proteins were detected with Coomassie G-250 (top) or transferred to nitrocellulose membranes and probed with anti-HSV antiserum (bottom). If CesT "shepherds" Tir to EscN for translocation through the type III secretion machinery, the results indicating that Tir is secreted at low levels in a cesT mutant (15) and interacts with EscN without CesT (Fig. 4 to 7) are contradictory to the above hypothesis. However, these results, taken together with the facts that Tir is very unstable inside EPEC in a cesT mutant (1, 15) and that CesT interacts directly with EscN without Tir (Fig.  3) , suggest that CesT functions in stabilizing Tir and escorting it to EscN and the TTSS. When CesT is not present, Tir is less stable, but as evidenced by the small amount secreted, it can direct itself to EscN and the type III secretion machinery. Moreover, a recent study of secretion and translocation of Tir deletions fused to adenylate cyclase suggested that the aminoterminal 26 residues of Tir function as a CesT-independent signal for translocation and that CesT's role in stability may mediate rapid delivery of Tir into host cells (11) . CesT has also been shown to interact and chaperone another EPEC type III effector called Map, and CesT cannot bind Map and Tir simultaneously (12) . It will be interesting to determine if these EscN interactions are present with this other EPEC effector. Data for other TTSSs have suggested that type III chaperones could function to deliver effectors to the type III apparatus, but this is the first evidence for direct interactions between a chaperone, an effector, and a type III component in the pathogenic TTSS. For example, glutathione S-transferase fusions to either the amino or carboxy termini of the Yersinia chaperone SycE can bind YopE similarly to wild-type SycE but fail to secrete YopE, suggesting that the chaperone not only prevents degradation but functions to deliver the effector to the type III apparatus (10) . Interestingly, the EPEC type III chaperones CesD and CesD2 are found in the inner membrane and cytoplasmic fractions of bacteria (48, 58) , further strengthening a role in effector delivery.
The type III ATPase has been shown to be important for needle formation, since both Shigella and Salmonella ATPase mutants have normal base structures but no needles (56, 57) . It is possible that the type III ATPase, by itself or with other components, forms the lower cytoplasmic part of the TTSS. Yersinia YscN has been shown to form a complex with three other cytoplasmic and/or inner membrane-associated Ysc proteins (25) . Shigella ATPase homologue Spa47 has 33% identity to the ␤-subunit of F1-ATPase. When modeled on the F1-ATPase structure, Spa47, as a homohexamer, fits at the inner membrane base of the type III needle complex structure, with a central channel aligned with the one found in the needle complex (8) . Further, we have shown that EscN is localized to the cytoplasm and associated with the inner membrane in EPEC (21) . While the present paper was in the review process, a paper was published showing that the type III ATPase in Pseudomonas syringae is a peripheral membrane protein that clusters at the inner membrane and that its ATPase activity is stimulated when it oligomerizes (52) .
The cytosolic and inner membrane components of the pathogenic TTSS are homologous to those of the flagellar assembly system (2) . As discussed in the introduction, the ATPase FliI in the flagellar system plays a pivotal role in interacting with flagellin and other substrates and chaperones as well as other components of the flagellar assembly apparatus (4, 40, 41, 43-45, 54, 61) . Moreover, FliI's ATPase activity increases in the presence of flagellin or other export substrates, indicating that energy is required for the export process (54) . This study suggests that the EscN type III ATPase is functionally analogous to FliI.
A model for type III translocation can be suggested based on our findings and inferences from the flagellar assembly pathway (36, 44) whereby type III effectors interacting with their cognate chaperones are delivered to the type III ATPase, which interacts with the membrane-spanning type III apparatus complex (possibly with a protein such as EscV or EscU). While it is too preliminary to extend these results further, it is possible that the docking of the effector-ATPase complex to the type III apparatus may trigger ATP hydrolysis and translocation of the effector, but this entire model remains to be tested.
Overall, the current data on the EPEC TTSS and studies on the flagellar assembly apparatus evoke similarities to SecB/ SecA targeting in the sec export pathway (reviewed in references 5 and 37; discussed in reference 10). SecB is a homotetrameric chaperone that binds sec-dependent export substrates and facilitates their targeting to the translocase (SecYEG) because of its affinity for the SecA ATPase (17, 24) . The substrate-SecB complex binds the ATPase SecA with much greater affinity than SecB alone, and binding strongly stimulates SecA's ATPase activity (24, 31) . The SecB chaperone functions both as an antifolding factor and a secretion pilot. Moreover, it was recently observed by electron and atomic force microscopy that the SecA ATPase forms ring-like pore structures with diameters of 8 nm and holes of 2 nm in the presence of phospholipids, suggesting that ATPases may indeed form the core of the bacterial protein secretion channels (59) . Very recently, the crystal structure of Mycobacterium tuberculosis SecA was solved and the structure predicts that SecA can interact with the SecYEG pore (53) . The result of the present study that a type III chaperone and its effector interact with the type III ATPase lends support for the extension of these ideas to TTSS.
In summary, we have demonstrated a new role for the type III chaperone CesT through the trimolecular interactions observed with its cognate effector Tir and the type III apparatus ATPase EscN. To our knowledge, this is the first evidence for direct interactions between a chaperone, an effector, and a type III component in the pathogenic TTSS, and we suggest a model for Tir translocation whereby its chaperone, CesT, brings Tir to the type III apparatus by specifically interacting with the type III ATPase EscN. This work strengthens the evidence supporting similar modes of action among homologous and nonhomologous bacterial secretion systems. We are grateful to Samantha Gruenheid and Nikhil Thomas for helpful discussions and for critically reading the manuscript. 
